The objective of this study was to monitor and model the texture changes of foxtail millet extrudates with different structural properties as a function of water activity (a w ). Four extrudates, after equilibrated at a w of 0.113-0.97, were compressed using a TA.XT2 Texture Analyzer. Two force-related texture parameters, Peak Force (PF) and Total Work (TW) and two jaggedness-related, Number of Spatial Ruptures (NSR) and Specific Ling Length (SLL), were extracted from their force-displacement curves. Water sorption led to loss of jaggedness of their forcedisplacement curves. All the four texture parameters decreased when a w increased to a certain value. Before the decrease occurring, TW and PF increased for all the extrudates with a w increase, while SLL increase was observed only for two extrudates and no NSR increase was observed for all extrudates. The critical water activity (a wc ) where texture parameters decreased rapidly ranged between 0.42 and 0.83 depending mainly on the kinds of the extrudates and to some extent on the texture parameters studied. The extrudates with coarse structure exhibited lower forcerelated values, while the extrudates with fine structure exhibited lower jaggedness-related values. Crispness index, a combination of force-and jaggedness-related texture criteria, decreased almost linearly as a w increase up to 0.61~0.66 for all the extrudtes. The Peleg-Fermi equation can satisfactorily model the changes in jaggedness-related texture parameters as a function of a w . A modified form of the Peleg-Fermi equation, proposed in this study, was needed to model the changes of force-related parameters better.
INTRODUCTION
Most low moisture cellular foods such as extruded cereals have a crispy texture, which is determinant to their behavior in consumption. Sensory and instrumental measurement (including acoustic and mechanical testing) of crispness has been extensively studied (Katz and Labuza, 1981; Heidenreich et al., 2004; Saeleaw et al., 2012) . There is particular interest in the latter since instrumental methods overpass the deficiencies in sensory tests by short time, lower cost and better reproducibility and are independent of the psycho-physiological condition of panelists (Surówka, 2002) . Many researches have been conducted in afford to explore the relationship between crispness intensity and instrumental texture parameters (Saeleaw et al., 2012; Chauvin et al., 2008) .
Of course, the texture of extruded products is dependent mainly on their processing parameters and raw material compositions. Once an extrudate is produced, post-extrusion changes will take impacts on its texture. Water and temperature are, by far, the most investigated factors due to their relevance in affecting their quality and stability. Dry cereal extrudates are hygroscopic due to chemical composition, porosity and presence of starch in amorphous state (Colonna et al., 1984) . If the moisture of these products increases, due to water sorption from the atmosphere, it results in a soggy, soft texture (Nicholls et al., 1995) and loses its crispness. Then, the effects of hydrosorption on texture are well documented on cereal extrudates (Barret and Kaletunc, 1998; Pamies et al., 2000; George et al., 1989; Heidenreich et al., 2004) .
Modeling the volution of texture properties during water sorption helps to predict the crispness and select proper storage conditions. Peleg-Fermi equation was widely used in literatures to model the texture changes with a w increase (Pamies et al., 2000; Harris and Peleg, 1996; Suwonsichon and Peleg, 1998; Braga and Cunhn, 2004) . Peleg-Fermi equation assumes that a linear relationship exists between a texture property and moisture activity before the decrease of the property. However, Gondek and Lewicki (2006) found that the relationship between both force and work of compression and water activity in corn flakes could not be described by the Peleg-Fermi equation. The relationship was curvilinear, bend downwards and the slope increased with increasing water activity until water activity reached critical value. Such a evolution with a w was also observed for compression force of extruded flat rye bread (Marzec and Lewicki, 2006) , bend work of corn-rye bread (Lewicki et al., 2004) , hardness for extruded waxy maize (Roudaut and Champion, 2011) , mean and maximum force of rice crisp (Heidenreich et al., 2004) , even for flexural and compressive fracture strain of dried bread (Chang et al., 2000) , penetration depth for corn flakes (Sauvageot and Blond, 1991) .
The primary objective of this work was to test the variation of different mechanical texture parameters of foxtail millet extrudates with different physical properties as a w increase and modify the Peleg-Fermi equation if necessary to model the texture evolution with a w .
MATERIALS AND METHODS
Extrudate samples: The composition of the foxtail millet grain was 10.40% protein, 1.96% lipids, 1% fiber and 86.64% carbohydrate (by difference). Foxtail millet extrudates were produced using a pilot-scale, corotating, intermeshing, twin-screw extruder typed DSE-25 (Brabender GmbH and Co., Germany) from a center-composite experimental design. All the products were divided into four classes according to their morphology (Zhao, 2006) . Four samples were selected with each from one category. Their physical properties are showed in Table 1 . The 1# sample showed a coarsest structure characterized by least numerous and largest mean size of air cells with thickest wall. The 4# sample had most numerous and smallest air cell with thinnest wall and narrowest distribution in cell size. The other two samples had structural properties between the two limits, with 2# sample more close to 1# sample and 3# sample to 4# sample.
Sample equilibration:
The four samples were dried, cut to 20-cm lengths and placed in evacuated desiccators over saturated solutions of LiCl, CH 3 COOK, MgCl 2 , K 2 CO 3 , Mg (NO 3 ) 2 , NaBr, NaNO 2 , NaCl, KCl and K 2 SO 4 at an ambient temperature of 25°C for 4 weeks. This corresponds to a w levels of 0.11, 0.23, 0.33, 0.43, 0.52, 0.57, 0.65, 0.75, 0.85 and 0.97, respectively (Greenspan, 1977) . Thymol was used to prevent microbial growth at the high a w levels. Following equilibration, the samples were subjected to mechanical texture analysis.
The moisture contents were measured in triplicate by drying weighed samples of the product in an oven at 105°C for 3 h (Lane, 1998) .
Acquisition of mechanical data:
The equilibrated extrudates were cut to 20 mm long specimens with a sharp blade, then compressed using a TA-XT2 texture analyzer (Stable Microsystems, Godalming UK) fitted with a 50-mm diameter cylindrical flat-faced probe. The speeds of pre-test, test and post-test were 1, 0.5 and 1 mm/sec, respectively. Data were acquired with a resolution of 200 Hz. All samples were compressed to 60% deformation and 15 measurements were carried out for each sample. From the force-deformation data the following parameters were derived.
Peak force (PF, N):
The maximum force during compression deformation.
Total work (TW, N·m):
The area under the forcedistance curve.
Number of spatial ruptures (NSR, mm -1 ):
The ratio of the total number of force peaks to deformation distance.
Specific line length (SLL, -):
The ratio of line length of the force-deformation curve to the deformation distance. The line length was calculated using the Pythagoras's equation (Norton et al., 1998) :
Crispness index (CI, -):
The ratio of SLL to the product of TW and PF.
An average value of each parameter was calculated on the basis of 15 replicates tested at each moisture level.
Modeling the texture properties:
The relationship between textural parameters and a w can assume various shapes as shown in Fig. 1 . The most frequently encountered type has a characteristic sigmoid shape that can be described by the Fermi distribution function (Wollny and Peleg, 1994) :
where, Y (a w ) is the magnitude of the mechanical parameter, Y 0 is its magnitude in the dry state, a wc is a Fig. 1a .
In some cases, the wet material still retains a considerable level of texture magnitude as described in Fig. 1b . The Fermi model was modified by adding a term which account for residual magnitude (Y r ) and assumes the form of Eq. (3) (Wollny and Peleg, 1994) :
Equation (2) and (3) assume that Y is constant at low to intermediate a w levels. When a maximum of texture properties has appeared (Fig. 1c) with a w increase, the evolution pattern could be described using a modified form of the Eq. (2) called Peleg-Fermi model (P-F model) (Harris and Peleg, 1996) 
where, k is a constant, roughly the slope of the linear region.
In some cases, Y would increase with a w following a power relation before decrease (Fig. 1d) . Then, we modified Eq. (4) Regression and statistical analysis: In order to evaluate the goodness of fit between the experimental and predicted, data a statistics package STATISTIC for Windows (Version 6.0) was used to conduct non-linear regression process. The following three error parameters are used for comparison.
Residual Sum-of-Squares (RSS) is defined as follows:
where, m = The number of data points V, ˢ = Observed and averaged values of independent variable
The Standard Error of Estimate (SEE) shows the deviation of the dependent variable and is given by:
where, d f is degree of freedom. The Mean Relative Deviation (MRD) gives an idea of the mean departure of the measured data from the predicted data. It is expressed as:
In these error parameters, the RSS value is an important parameter in the non-linear regression process. The SEE value represents the fitting ability of a model in relation to the number of data points. The fitted equation giving the smallest SEE value for the same set of experimental data yields the best results. However, the SEE value cannot provide a direct visualization of the goodness-of-fit. For this reason, the MRD is used to describe the goodness-of-fit of an equation. Therefore, the smaller the MRD value, the better the goodness-of-fit. Figure 2 presents isotherms of water vapor sorption for the four extrudates. The isotherm curves are sigmoid in shape and typical for cereal-based products. As a w increased from 0.11 to 0.75, equilibrium moisture content increased only gradually. At higher a w , the increase became sharp. The values of equilibrium moisture contents of each sample were very close at same a w level, although the four extrudates had very different structural properties. Katz and Labuza (1981) reported that at moisture content larger than the Brunauer-Emmett-Teller (BET) monolayer the consumer perceives a textural change of snack food products. Martinez-Navarrete et al. (2004) observed a plasticizing effect of water on wafers above the monolayer water content. To determine the monolayer moisture content, the GuggenheimAnderson-de Boer (GAB) sorption model Eq. (9), one of the most reliable ones for sorption isotherms, was fitted to all the water sorption data of the four samples: 
RESULTS AND DISCUSSION

Water sorption isotherms:
where, M e = The moisture content after water sorption equilibrium M m = A constant representing the moisture content adsorbed as a monomolecular layer C, K = Constants related to the interaction between the first layer and further layers of water molecules at the sorption sites
Good fit was observed with R 2 = 0.9904. The monolayer moisture contents determined by the GAB equation was 0.0621 g/g, corresponding to a w 0.097. Values of the GAB constants, C and K, were 167.9745 and 0.8195, respectively. The result was lower than the monolayer moisture of the white corn cake 5.11% (Li et al., 1998) , but very close to that of wafers 6.2% (Martinez-Navarrete et al., 2004) .
Effects of hydrosorption on force responses during compression:
Examples of typical force-displacement curves of 1# sample after water sorption equilibrium are presented in Fig. 3 . For clarity, only five curves at a w levels of 0.12, 0.33, 0.54, 0.77 and 0.97, respectively have been selected for the figure. When water activities were lower than 0.54, the force-time relationship is jagged and very irregular, which was typical for a crispy (or brittle) product (Wollny and Peleg, 1994) . There seems to be two kinds of force peak: main peak and secondary peak. One main peak can be composted of several secondary peaks. Each peak represented that a fracture event had occurred. The main peak was the result of fracture events occurring in succession. The valley values were almost close to zero especially at lager deformation for samples conditioned at lower a w . The jaggedness degree decreased with the increase in water activity. The magnitude of the force drops at the major fracture point also increased. Similar observation has been reported for extruded cereals (Heidenreich et al., 2004; Nicholls et al., 1995) . When water activity reaches to 0.77, a relatively smoothed curve was observed and the force remained at a considerable high level. For the sample equilibrated to a w 0.97, only a very smooth curve was obtained indicating no breaking event had occurred. The jagged pattern of the force-displacement curves reflects the fracture behavior of the extrudates. The very irregular and irreproducible force-deformation relationships at lower a w seems due to the nonuniformity in internal structure (Table 1 ) and the multiple fracture events during compression of the cellular extrudates. Loss of jaggedness with a w increase indicated the change in mechanics of compression from rapid unstable brittle fracture at low water content to plastic fracture at higher water activities and finally to elastic deformation.
The force-displacement curves of 4# sample equilibrated at the five a w levels are presented in Fig. 4 . For convenience of comparison, identical axis scaling was taken in Fig. 3 and 4 . The force-deformation curves of 4# were different in many respects from those of 1# sample. The 4# extrudate had less force peak and smaller drop-off during compression. The force increase with a w before breaking was also more gradual for 4# sample. Additionally, at a w 0.54, the force curve of 4# sample had already become smoothed, while the curve of 1# sample still remained very jagged. Probably, it is because that the pores in 4# sample are significantly smaller than that in 1# sample (Table 1) . No distinct breaking peak was observed at the early stages of the test for 4# sample equilibrated at a w 0.54 and 0.77 and only a yield point appeared. As a whole, the force levels of 4# samples were higher than that of the 1# sample.
The Gibson-Ashby model divided a typical forcedeformation curve for brittle foams under compression into three distinct regions (Gibson and Ashby, 1988) . The first is a linear elastic compression at smaller deformation, characterized by a straight rise in force with deformation. The second region appears after first breaking, is characterized by several rapid ups and downs in the curve but showing a marginal increase trend for brittle fracture and by a relatively flattened curve for plastic fracture. At the final stage, force continues to increase with increasing deformation due to compaction or densification of the material. The deformation process of 4# sample under compression followed loosely the Gibson and Ashby model, which was proposed for cellular foams with uniform and fine air cells. While for 1# extrudate, its curves composed of only the former two regions and third regions was not observed under the deformation degree applied in this study.
Modeling TW and PF: PF and TW of the 4 samples plotted against water activity are presented on Fig. 5 and 6, respectively. Generally, lowest PF and TW values were registered for 1# sample and the higher values were for 3# and 4# samples. At a w lower than 0.33, difference magnitudes of both PF and TW among the four extrudates were limited and reach a maximum at about a w 0.6-0.7, then decreased with further increase of a w . The 1# sample had the largest diameter, then experienced longest distance of compression. Considering that the TW is the area below the forcedisplacement curve, the mean force during compression of the 1# sample should be much lower than the other three extrudates. It is hypothesized that larger cell size had make its cell wall (behaves as a beam during deformation) easy to break under compression. Previous report showed that the presence of some large cells would clearly decrease both the modulus and fracture stress of sponge structures (Guo and Gibson, 1999) .
As shown in Fig. 5 and 6, the variation of PF and TW of the four extrudates upon moisture sorption followed a similar direction but not an identical pattern. All the texture parameters increased slightly when water activity was less than about 0.33, then increased more rapidly on increasing the a w up to about 0.6~0.75 depending the kind of extrudates, indicating a hardening effect of hydration. With both WT and PF, their increase was greater for samples 3# and 4#. The : PF values of the four extrudates after equilibrated at nine a w levels (symbols) and fitting curves using MP-F model (lines) Fig. 6 : TW values of the four extrudates after equilibrated at nine a w levels (symbols) and fitting curves using MP-F model (lines) increase cannot continue indefinitely and beyond a certain level it decreased, which indicates softening effect of hydration. When a w reached to 0.97, both PF and TW of 1#, 3# and 4# samples appeared increase again.
As for the pattern difference among extrudate kinds, the distinct one was that the 1# sample had a convex curve in PF-a w relationship before PF decrease. While all the other samples had a concave curve in both PF-a w and TW-a w relationship, indicating an accelerated increase. The a w locations where the highest values of TW and PF were reached were different among the four extrudates, with 1# and 2# samples having higher a w locations then the other two samples. There were also noticeable differences in the decrease sharpness among the four extrudates. 4# sample had a very narrow transition a w rang in both TW and PF versus a w curves than the other three samples.
Although the four samples were made from the same homogeneous batch of foxtail millet grain, they differed in diameter, bulk density and pore size characters. There was no significant difference in moisture content among the four extrudates (Fig. 2) . The much different texture response to a w increase among the products would attribute to their structural difference. A high-density cornmeal extrudate is more susceptible to hardening effect than is a low-density one (George et al., 1989) . While Fig. 5 and 6 demonstrate that 3# sample, which had much lower density than 4# sample, experienced almost same magnitude of hardening effect. It can be inferred that the bulk density alone could not explain the difference found among the extrudates totally. Cell morphology has to be taken into account for mechanical properties. We hypothesize that the extrudates with fine and homogeneous structure (e.g., 4# sample) would demonstrate higher degree of hardening effect than the extrudates with coarse and heterogeneous structure (e.g., 1# sample). Figure 6 and 7 clearly showed that the relationship between both the peak force and work of compression and water activity in the extrudate samples was curvilinear before decrease occurring and could not be approximated by the Peleg-Fermi equation. Then its modified version Eq. (5) was fitted to the experimental data. The PF model was also fitted for comparison. Results are presented in Table 2 .
The values of SEE and MRD from MP-F model fitted to TW and PF of the four extrudates were always Fig. 7 : NSR values of the four extrudates after equilibrated at nine a w levels (symbols) and fitting curves using MP model (lines) (4)) and its modified form (Eq. (5)) Sample Model lower than these from P-F model. As for RSS, except value of 1 # sample in term of PF, all the other RSS from MP-F model were lower than the values from P-F model. The R values from MP-F model were always higher than these from P-F model. These indicated that the M-PF model fitted the experimental data better than the P-F model. The parameters derived from the MP-F model are presented in Table 3 . All the n values were higher than 1 except that for the case of PF of 1# sample, which was in line with Fig. 5 . With all the samples, the a wc derived after fitting the both PF and TW data of each extrudate to the MP-F equation was lower than or equal to these from fitting using the P-F model. The a wc values of both PF and TW from the MP-F model ranged from 0.62 to 0.8. These values are comparable with the results published for French bread croutons and pumpernickel (Harris and Peleg, 1996) . The exact a wc location of texture properties shows variations mainly with the extrudate kinds and to some extent with the properties studied. For all the four texture properties, 4# sample had the lowest a wc values, while 1# sample had relative higher a wc values than the other three samples.
The Y 0 , k and b values derived from fitting the MP-F model were higher than the values from P-F model except the case of PF of 1# sample. Both models gave Fig. 8 : SLL values of the four extrudates after equilibrated at nine a w levels (symbols) and fitting curves using MP model (lines) (Harris and Peleg, 1996) . The much lower b value of 1# sample reflected its rapid decrease in PF and TW as shown in Fig. 5 and 6, respectively. Figure 7 and 8 present the NSR and SLL values of the four extrudate samples as a function of a w . As can be seen, the NSR and SLL of 4# sample are obviously lower than these of the other three samples. As for NSR, there is no sensible different among 1#, 2# and 3# samples when a w is lower than about 0.54. When a w increased from 0.54 to 0.75, 1# sample had higher NSR value. For all the samples, their NSR reduced to a very low level when a w reached to 0.97. This is because that at such high a w level all the samples exhibited only on peak in their forcedisplacement curves. Obvious difference existed among the SLL values of different extrudates. This difference was lessened with a w increase up to 0.85, but enlarged with a w further increase to 0.97. For the 4# sample, because of its more numerous and smaller cells, the overlap of the fracture events might have contributed to the less force peak and drop-off during compression and gave much lower NSR and SLL values. NSR decreased gradually with moisture sorption followed by a faster decrease then level off for all the four samples (Fig. 7) . For the 4# sample the drop in NSR was considerably dramatic than the corresponding drop in the other three extrudates. As for SLL, its values decreased before a rapid decrease for 1# and 3# samples, while increased to a maximum before decrease for 2# and 4# samples (Fig. 8) .
Modeling NSR and SLL:
As shown in Fig. 7 and 8, the relation between NSR, SLL with a w was almost linear before the onset of decrease for all the four samples. Peleg-Fermi model was used to fit the NSR and SLL data obtained at various a w levels. The result curves were also showed in Fig. 7 and 8 , respectively. Resulted model parameters are presented in Table 2 . The R values for all cases were >0.988, indicating that the influence of water activity on both the NSR and SLL of the curves of the four foxtail millet extrudates during compression was satisfactorily described by the P-F model.
As can be seen in Table 4 , the a wc values of 1# were highest and these of sample 4# were lowest among the four extrudates in term of both NSR and SLL. The a wc values obtained from SFR and SLL are very close to each other for the same extrudate. The values of the k and b varied considerably among the tested materials. This is a reflection of structural and compositional differences. The a wc of cracker-bread determined from fitting Ferm model to force curve length was 0.51 and b was 0.18 (Arimi et al., 2010) .
Modeling crispness index:
The up then down course of TW and PF with a w increase (Fig. 5 and 6 ) indicated that a special pair of a w points, one higher and one lower; will give the same TW or PF value. Similar trend was also observed for SSL of 2# and 4# samples. This means that a w cannot act as a effective criteria for predicting or controlling the texture properties of foxtail millet extrudates. Crispness index was introduced to combine the force-related and jaggedness-related measures of texture of the materials. The variation of CI of the four extrudates was plotted against a w (Fig. 9) .
The CI magnitude order of the four samples was 3#>2# >4#>1#, different from the sequence based on TW, PF, SLL or NSR values, but identical the sequence based on sensory acceptability evolution conducted privately. As can be seen from Fig. 9 , a nearly linear decrease of crispness index occurred between 0 and about 0.65 (a w ), after which CI decreased slightly for 3# sample or kept almost constant for other three samples. The former six and later four CI data were correlated linearly with their corresponding a w values for each extrudate. The linear correlation coefficients R 2 between CI and a w calculated from the first six points were higher than 0.93 Eq. (10). Slopes of the fitted lines ranged from 10.76 to 18.01 depending on extrudate kinds. This difference in slope is hypothesized due to their structural variation: Although constant sensory intensity at lower a w range was well documented in literatures (Sauvageot and Blond, 1991; Roudaut et al., 1998; Pamies et al., 2000; Roudaut et al., 2004) , linear decline of sensory crispness acceptability with a w increase from 0 to a certain a w level was also observed for potato chip (Katz and Labuza, 1981) , ice cream cone (Goerlitz et al., 2007) and extrudated starch (Pamies et al., 2000) . Crispness index, calculated as the ratio of linear distance to the product of compression work and mean force, can discriminate the sensory crispness of extrudated rice after equilibrium with different a w levels (Heidenreich et al., 2004) . These findings suggested that the combined criteria of force-related and jadggnes-related parameters from force-displacement, such as CI defined in this article, might be a good crispness measure of cellular extrudate products at lowintermediate a w range.
The critical water activity for CI complete loss was obtained from the intersection between the two straight lines for each extrudate. The resulting values for 1#, 2#, 3# and 4 # samples was a w 0.66, 0.61, 0.65 and 0.64, respectively, which seem not dependent on the product kind. The similarity is probably a result of similar chemical composition. The critical a w or water constant level beyond which sensory crispness is lost almost completely is about 0.6 for extrudated waxy corn starch (Pamies et al., 2000) , 0.74 for a crispy snack model (Roos et al., 1998) , 11% for extrudated bread (Roudaut et al., 1998) , 14% for rice krispy (Sauvageot and Blond, 1991) .
Previous reports indicated that BET monolayer moisture content was a good indicator of the initial loss of crispness for saltine crackers, popcorn, puffed corn curls, potato chips and puffed rice cakes (Katz and Labuza, 1981) and corn cake (Li et al., 1998) , while not a useful critical parameter for the change in crispness of the tapioca-flour-based baked products (Kulchan et al., 2010) . The monolayer moisture content in this work was 6.21% beyond which no noticeable rapid increase or decrease in force-or curve jaggedness-related texture parameters was observed. This suggested that monolayer moisture content cannot act as an indicator of mechanical texture changes for foxtail millet extrudates.
CONCLUSION
Moisture sorption resulted jaggedness loss of the force-displacement curves, indicating fracture mechanics transaction from brittle to plastic fracture and finally to elastic deformation. Moisture sorption affected different mechanical textures of foxtail millet extudates in different ways with respect to texture increase or decrease before a rapid decrease, a w location and range where a rapid decrease occurring and the speed of the decrease and increase with aw. The a wc values depended mainly on the kinds of the extrudates and to some extent on the texture properties studied. The extrudate with coarse structure exhibited lower force-related texture parameters, while the extrudate with fine structure exhibited lower jaggedness-related texture values.
The relation between both NSF, SSL and a w can be well described by the Peleg-Fermi model. While the relation between both TW, PF and a w can be described better by the modified Peleg-Fermi model proposed here. Crispness index decreased almost linearly as a w increase up to 0.61-0.66 which appeared independent of extrudate kind.
